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Description

[0001] The present invention relates to a method of
controlling a brushless motor.

[0002] A brushless motor typically comprises a con-
troller that controls the excitation of phase windings. The
controller may adjust the phase and/or the length of ex-
citation in response to changes in the speed of the motor.
To this end, the controller may store a lookup table that
comprises different control values for different motor
speeds. The control values are then used to define the
phase and/or the length of excitation.

[0003] The control values stored by the lookup table
may be those for a nominal motor, as discussed, for ex-
ample, in documents US2007252551, US2010251510
and US2011254488.

[0004] Moreover, the control values may be selected
such that the speed of the nominal motor, when operating
under a nominal load, does not exceed an upper thresh-
old and/or drop below a lower threshold. However, for a
mass-produced motor, tolerances in the motor and/or the
load under which the motor operates may mean that ac-
tual speed of the motor exceeds the upper threshold
and/or drops below the lower threshold.

[0005] In a first aspect, as set forth in claim 1, the
present invention provides a method of controlling a
brushless motor, the method comprising: storing alookup
table, the lookup table comprising a control value for each
of a plurality of speeds; periodically obtaining a speed-
adjusted control value; and exciting a phase winding of
the motor, the speed-adjusted control value being used
to define one of a phase and a length of excitation, where-
in obtaining the speed-adjusted control value comprises:
measuring a speed of the motor; increasing or decreas-
ing a speed-adjust variable by a predetermined constant
in the event that the measured speed is greater or less
than a threshold; selecting a control value from the lookup
table using the measured speed; and adjusting the se-
lected control value using the speed-adjust variable to
obtain the speed-adjusted control value.

[0006] The speed of the motor is therefore controlled
by adjusting the control value selected from the lookup
table. The speed-adjusted control value is used to define
the phase or the length of excitation and therefore influ-
ences the power driven into the motor. The control value
may therefore be adjusted such that the power increases
should the speed of the motor drop below a lower thresh-
old, or decreases should the speed of the motor exceed
an upper threshold. Accordingly, the method may be
used to ensure that the motor does not operate at speeds
greater or less than a threshold for prolonged periods.
[0007] Reference to increasing or decreasing the
speed-adjust variable in the event that the measured
speed is greater or less than a threshold should not be
understood to mean that the speed-adjust variable is in-
creased when the measured speed is greater than the
threshold and decreased when the measured speed is
less than the threshold. Instead, the term should be un-
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derstood to mean that the speed-adjust variable may be
increased or decreased, and that this may occur in the
eventthatthe measured speed is greater than the thresh-
old or the measured speed is less than the threshold.
[0008] The method involves periodically obtaining the
speed-adjusted control value, which comprises measur-
ing the speed of the motor and increasing or decreasing
the speed-adjust variable whenever the speed is greater
or less than a threshold. As a result, the method is able
to control the speed of a motor for which the tolerance in
the power and/or load is relatively large.

[0009] The method is relatively simple to implement
computationally, and the memory requirements are rel-
atively small. Accordingly, the method may be imple-
mented using a relatively simple and therefore cheap
controller. Additionally, the method may be implemented
without adversely affecting the execution of other rou-
tines.

[0010] Adjusting the selected control value may com-
prise adding the speed-adjust variable to or subtracting
the speed-adjust variable fromthe selected control value.
Addition and subtraction are relatively simple operations
to perform computationally. Accordingly, the method may
be implemented using a relatively simple and cheap con-
troller.

[0011] The method may comprise increasing or de-
creasing the speed-adjust variable by the predetermined
constant in the event that the measured speed is one of
greater than an upper threshold and less than a lower
threshold. The speed-adjust variable is then set to zero
inthe eventthat the measured speedis the other of great-
er than an upper threshold and less than a lower thresh-
old. Adjustment of the control value therefore begins
when the speed either exceeds the upper threshold or
drops below the lower threshold. Once initiated, adjust-
ment of the control value continues until the speed either
drops below the lower threshold or exceeds the upper
threshold. The speed-adjust variable may act to de-
crease or increase the control period selected from the
lookup table, such that less or more power is driven into
the motor over each electrical half-cycle. This in turn
should cause the speed of the motor or the rate of accel-
eration of the motor to decrease orincrease. Accordingly,
the method may be used to ensure that the motor does
not operate at speeds greater than the upper threshold
or lower than the lower threshold for prolonged periods.
[0012] It may be desirable to constrain the speed of
the motor between an upper threshold and a lower
threshold. Accordingly, the method may comprise in-
creasing or decreasing the speed-adjust variable by a
first predetermined constant in the event that the meas-
ured speed is greater than an upper threshold, and in-
creasing or decreasing the speed-adjust variable by a
second predetermined constant in the event that the
measured speed is less than a lower threshold. Different
predetermined constants may be used. Alternatively, the
first and second predetermined constants may be one
and the same. In this instance, the method then compris-
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es one of increasing and decreasing the speed-adjust
variable in the event that the measured speed is greater
than the upper threshold and the other of increasing and
decreasing the speed-adjust variable in the event that
the measured speed is less than the lower threshold.
[0013] The method may comprise leaving the speed-
adjust variable unchanged in the event that the measured
speed is less than the upper threshold and greater than
the lower threshold. Consequently, when operating un-
der a constant load, the speed of the motor may stabilise
at a value between the two thresholds.

[0014] The method may comprise rectifying an alter-
nating voltage to provide a rectified voltage, exciting the
phase winding with the rectified voltage, and obtaining
the speed-adjusted control value in response to each ze-
ro-crossing of the alternating voltage. This then has the
advantage that the speed-adjusted control value is up-
dated atregularintervals without the need for a dedicated
timer. Additionally, the speed-adjusted control value may
be updated in synchrony with the cycle of the alternating
voltage. As a result, the waveform of current drawn from
the power supply providing the alternating voltage is gen-
erally more stable.

[0015] In a second aspect, as set forth in claim 8, the
present invention provides a control system for a brush-
less motor, the control system performing a method ac-
cording to any one of the preceding paragraphs.

[0016] In a third aspect, as set forth in claim 9, the
presentinvention provides a motor assembly comprising
a brushless motor and a control system according to the
preceding paragraph.

[0017] In orderthatthe present invention may be more
readily understood, embodiments of the invention will
now be described, by way of example, with reference to
the accompanying drawings, in which:

Figure 1 is a block diagram of a motor system in
accordance with the present invention;

Figure 2 is a schematic diagram of the motor system;

Figure 3 details the allowed states of the inverter in
response to control signals issued by the controller
of the motor system;

Figure 4 is a flow diagram of a method for controlling
the maximum speed of the motor;

Figure 5 llustrates the behaviour of
SPEED_ADJUST and T_PHASE when implement-
ing the method of Figure 4;

Figure 6 is a flow diagram of a method for controlling
the minimum speed of the motor; and

Figure 7 is a flow diagram of a method for constrain-
ing the speed of the motor between an upper thresh-
old and a lower threshold.
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[0018] The motor system 1 of Figures 1 and 2 is pow-
ered by an AC power supply 2 and comprises a brushless
motor 3 and a control system 4.

[0019] The motor 3 comprises a permanent-magnet
rotor 5 that rotates relative to a stator 6 having a single
phase winding 7.

[0020] The control system 4 comprises a rectifier 8, a
DC link filter 9, an inverter 10, a gate driver module 11,
a current sensor 12, a rotor-position sensor 13, a zero-
cross detector 14, and a controller 15.

[0021] The rectifier 8 comprises a full-wave bridge of
four diodes D1-D4 that rectify the output of the AC power
supply 2 to provide a DC voltage.

[0022] The DC link filter 9 comprises a capacitor C1
that smoothes the relatively highfrequency ripple that
arises from switching of the inverter 10. If required, the
DC link filter 9 may additionally smooth the rectified DC
voltage at the fundamental frequency.

[0023] The inverter 10 comprises a full bridge of four
power switches Q1-Q4 that couple the DC link voltage
to the phase winding 7. Each of the switches Q1-Q4 in-
cludes a freewheel diode.

[0024] The gate driver module 11 drives the opening
and closing of the switches Q1-Q4 in response to control
signals received from the controller 15.

[0025] The current sensor 12 comprises a sense re-
sistor R1 located on the negative rail of the inverter 10.
The voltage across the current sensor 12 therefore pro-
vides a measure of the current in the phase winding 7
when connected to the power supply 2. The voltage
across the current sensor 12 is output to the controller
15 as a current sense signal, |_SENSE.

[0026] The rotor-position sensor 13 comprises a Hall-
effect sensor that outputs a digital signal, HALL, that is
logically high or low depending on the direction of mag-
netic flux through the sensor 13. By locating the sensor
13 adjacentthe rotor 5, the HALL signal provides a meas-
ure of the angular position of the rotor 5. More particularly,
each edge of the HALL signal indicates a change in the
polarity of the rotor 5. When rotating, the permanent-
magnet rotor 5 induces a back EMF in the phase winding
7. Consequently, each edge of the HALL signal addition-
ally represents a change in the polarity of the back EMF
in the phase winding 7.

[0027] The zero-cross detector 14 comprises a pair of
clamping diodes D5,D6 that output a digital signal,
Z_CROSS, that is logically high when the voltage of the
AC supply 2 is positive and logically low when the voltage
of the AC supply 2 is negative. Each edge of the
Z_CROSS signal thus represents a zero-crossing in the
voltage of the AC supply 2.

[0028] The controller 15 is responsible for controlling
the operation of the motor system 1. In response to the
input signals: HALL, |_SENSE and Z_CROSS, the con-
troller 15 generates and outputs three control signals:
DIR1, DIR2, and FW#. The control signals are output to
the gate driver module 11, which in response drives the
opening and closing of the switches Q1-Q4 of the inverter



5 EP 2 783 459 B1 6

10.

[0029] DIR1 and DIR2 control the direction of current
through the inverter 10 and thus through the phase wind-
ing 7. When DIR1 is pulled logically high and DIR2 is
pulled logically low, the gate driver module 11 closes
switches Q1 and Q4, and opens switches Q2 and Q3,
thus causing currentto be driven through the phase wind-
ing 7 from left to right. Conversely, when DIR2 is pulled
logically high and DIR1 is pulled logically low, the gate
driver module 11 closes switches Q2 and Q3, and opens
switches Q1 and Q4, thus causing current to be driven
through the phase winding 7 from right to left. Currentin
the phase winding 7 is therefore commutated by revers-
ing DIR1 and DIR2. If both DIR1 and DIR2 are pulled
logically low, the gate drive module 11 opens all switches
Q1-Q4.

[0030] FW# is used to disconnect the phase winding
7 from the power supply 2 and allow current in the phase
winding 7 to freewheel around the low-side loop of the
inverter 10. Accordingly, in response to a FW# signal that
is pulled logically low, the gate driver module 11 causes
both high-side switches Q1,Q3 to open. Current then
freewheels around the low-side loop of the inverter 10 in
a direction defined by DIR1 and DIR2.

[0031] Figure 3 summarises the allowed states of the
switches Q1-Q4 in response to the control signals of the
controller 15. Hereafter, the terms ’'set’ and 'clear’ will be
used to indicate that a signal has been pulled logically
high and low respectively.

[0032] The controller 15 operates in one of two modes
depending on the speed of the rotor 5. At speeds below
a predetermined threshold, the controller 15 operates in
acceleration mode. At speeds at or above the threshold,
the controller 15 operates in steady-state mode. The
speed of the rotor 5 is determined from the interval,
T_HALL, between two successive edges of the HALL
signal. This interval will hereafter be referred to as the
HALL period.

Acceleration Mode

[0033] At speeds below the speed threshold, the con-
troller 15 commutates the phase winding 7 in synchrony
with the edges of the HALL signal. Each HALL edge rep-
resents a change in the polarity of back EMF in the phase
winding 7. Consequently, the controller 15 commutates
the phase winding 7 in synchrony with the zero-crossings
of back EMF.

[0034] Commutation involves reversing DIR1 and
DIR2 (i.e. clearing DIR1 and setting DIR2, or clearing
DIR2 and setting DIR1) so as to reverse the direction of
current through the phase winding 7. The phase winding
7 may be freewheeling at the point of commutation. Ac-
cordingly, in addition to reversing DIR1 and DIR2, the
controller 15 sets FW# so as to ensure that the inverter
10 is returned to a drive condition.

[0035] The controller 15 monitors the current sense
signal, |_SENSE, and freewheels the phase winding 7
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by clearing FW# whenever current in the phase winding
7 exceeds an overcurrent threshold. Freewheeling con-
tinues for a freewheel period, T_FW, during which time
current in the phase winding 7 decays to a level below
the overcurrent threshold. At the end of the freewheel
period, the controller 15 sets FW# so as to excite the
phase winding 7. Consequently, the controller 15 se-
quentially excites and freewheels the phase winding 7
over each electrical half-cycle.

Steady-State Mode

[0036] At speeds at or above the speed threshold, the
controller 15 may advance, synchronise or retard com-
mutation relative to each HALL edge. In order to com-
mutate the phase winding 7 relative to a particular HALL
edge, the controller 15 acts in response to the preceding
HALL edge. In response to the preceding HALL edge,
the controller 15 subtracts a phase period, T_PHASE,
from the HALL period, THALL, in order to obtain a com-
mutation period, T_COM:

T COM=T HALL-T PHASE

[0037] The controller 15 then commutates the phase
winding 7 at a time, T_COM, after the preceding HALL
edge. As aresult, the controller 15 commutates the phase
winding 7 relative to the subsequent HALL edge by the
phase period, T_PHASE. If the phase period is positive,
commutation occurs before the HALL edge (advanced
commutation). If the phase period is zero, commutation
occurs at the HALL edge (synchronous commutation).
And if the phase period is negative, commutation occurs
after the HALL edge (retarded commutation).

[0038] Advanced commutation is employed at higher
rotor speeds, whilst retarded commutation is employed
at lower rotor speeds. As the speed of the rotor 5 increas-
es, the HALL period decreases and thus the time con-
stant (L/R) associated with the phase inductance be-
comes increasingly important. Additionally, the back
EMF induced in the phase winding 7 increases, which in
turn influences the rate at which phase current rises. It
therefore becomes increasingly difficult to drive current
and thus power into the phase winding 7. By commutating
the phase winding 7 in advance of a HALL edge, and
thus in advance of a zero-crossing in back EMF, the sup-
ply voltage is boosted by the back EMF. As a result, the
direction of current through the phase winding 7 is more
quickly reversed. Additionally, the phase current is
caused to lead the back EMF, which helps to compensate
for the slower rate of currentrise. Although this then gen-
erates a short period of negative torque, this is normally
more than compensated by the subsequent gain in pos-
itive torque. When operating at lower speeds, it is not
necessary to advance commutation in order to drive the
required current into the phase winding 7. Moreover, op-
timum efficiency is typically achieved by retarding com-
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mutation.

[0039] As in acceleration mode, commutation is
achieved by reversing DIR1 and DIR2, and setting FW#
at the end of the commutation period, T_COM. The con-
troller 15 then monitors the current sense signal,
|_SENSE, and freewheels the phase winding 7 whenever
current in the phase winding 7 exceeds the overcurrent
threshold. Freewheeling continues for the freewheel pe-
riod, T_FW, after which the controller 15 again excites
the phase winding 7. Consequently, as in acceleration
mode, the controller 15 sequentially excites and free-
wheels the phase winding 7.

[0040] When operating in acceleration mode, the con-
troller 15 sequentially excites and freewheels the phase
winding 7 over the full length of each electrical half-cycle.
In contrast, when operating in steady-state mode, the
controller 15 sequentially excites and freewheels the
phase winding 7 over a conduction period, T_CD, that
typically spans only part of each electrical half-cycle. At
the end of the conduction period, the controller 15 free-
wheels the winding by clearing FW#. Freewheeling then
continues indefinitely until such time as the controller 15
commutates the phase winding 7. The phase period,
T_PHASE, therefore defines the phase of excitation (i.e.
the angle at which the phase winding 7 is excited relative
to the angular position of the rotor 5) and the conduction
period, T_CD, defines the length of excitation (i.e. the
total angle over which the phase winding 7 is excited).
[0041] The controller 15 adjusts the phase period,
T_PHASE, and the conduction period, T_CD, in re-
sponse to changes in the speed of the rotor 5, as deter-
mined from the HALL period, T_HALL. To this end, the
controller 15 stores alookup table that comprises a phase
period and a conduction period for each of a plurality of
rotor speeds. The lookup table stores values thatachieve
a particular output power at each speed point.

[0042] The controller 15 updates the phase period and
the conduction period in response to each edge of the
Z_CROSS signal. In response to an edge of the
Z_CROSS signal, the controller 15 indexes the lookup
table using the HALL period, T_HALL, to selectthe phase
period and the conduction period. Rather than updating
in response to edges of the Z_CROSS signal, the con-
troller 15 may alternatively update the phase and con-
duction periods at other times. For example, the control-
ler 15 may update the phase and conduction periods in
response to every nth edge of the HALL signal or after a
fixed period of time has elapsed. Nevertheless, updating
in response to edges of the Z_CROSS signal has the
advantage that the phase and conduction periods may
be updated at regular intervals without the need for a
dedicated counter or timer. Additionally, the phase and
conduction periods are updated in synchrony with the
cycle of the alternating voltage of the power supply 2. As
a result, the waveform of current drawn from the power
supply 2 is generally more stable. In particular, the mag-
nitudes of harmonics within the current waveform are
generally smaller.

10

15

20

25

30

35

40

45

50

55

Speed Control

[0043] Speeds in excess of an upper threshold,
SPEED_UPPER, may result in premature failure of the
motor 3. The lookup table therefore stores control values
that drive a nominal motor at a maximum speed of
SPEED_UPPER when operating under a minimum load
of LOAD_MIN. As noted above, the lookup table stores
control values that achieve a particular output power at
each speed point. The lookup table therefore stores con-
trol values for generating an output power that drives the
minimum load, LOAD MIN, at the maximum speed,
SPEED UPPER.

[0044] A problem arises in that tolerances in the motor
system 1 influence the speed at which the motor 3 is
driven. As noted above, the lookup table stores control
values for generating an output power that drives a load
of LOAD MIN at a speed of SPEED_UPPER. The values
stored by the lookup table, however, are those for a nom-
inal motor. A mass-produced motor, on the other hand,
will inevitably have tolerances associated with the phys-
ical properties and dimensions of the various compo-
nents, e.g. tolerances in the magnetic strength of the rotor
5, the size of air gap between the rotor 5 and stator 6,
etc. Consequently, when the same lookup table is used
with a mass-produced motor, there is a tolerance in the
output power of the motor 3 when operating at SPEED
_UPPER. So, for example, the lookup table may store a
phase period and a conduction period that, for the nom-
inal motor, results in an output power of 1500 W when
operating at a speed of 100 krpm. However, for a mass-
produced motor, the actual output power when operating
at a speed of 100 krpm may be 1500 =+ 50 W. If the motor
3 is driven at higher power, the motor 3 will accelerate
to speeds in excess of SPEED UPPER.

[0045] Equally, tolerances in the minimum load under
which the motor system 1 is required to operate influence
the maximum speed of the motor 3. Again, the lookup
table stores control values for driving a load of LOAD
MIN at a speed of SPEED UPPER. If the actual minimum
load is less than LOAD MIN then again the motor 3 will
accelerate to speeds in excess of SPEED UPPER.
[0046] In order to prevent the motor 3 from running at
speeds in excess of SPEED_UPPER for prolonged pe-
riods, the controller 15 employs a speed-control scheme
that reduces the output power of the motor 3 whenever
therotor speed exceeds SPEED _UPPER. The reduction
in output power is achieved by adjusting one or both of
the control values (i.e. the phase period and/or the con-
duction period) selected from the lookup table. For the
purposes of the present description, the controller 15 will
adjust the phase period only. However, the controller 15
might alternatively or additionally adjust the conduction
period.

[0047] Inresponse to each edge of the Z_CROSS sig-
nal, the controller 15 indexes the lookup table in order to
select the conduction period, T_CD. The controller 15
then executes a speed-control routine in order to obtain
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the phase period, T_PHASE. The speed-control routine
is illustrated in Figure 4. The controller 15 first compares
the speed of the rotor 5, as defined by the HALL period,
against an upper threshold, SPEED _UPPER. If the rotor
speed is greater than the upper threshold, the controller
15increases a speed-adjust variable, SPEED_ADJUST,
by a predetermined constant, DELTA. Otherwise, the
controller 15 compares the speed of the rotor 5 against
alower threshold, SPEED_LOWER. If the rotor speed is
less than the lower threshold, the controller 15 sets the
speed-adjust variable, SPEED_ADJUST, to zero. If the
rotor speed is neither greater than the upper threshold
nor less than the lower threshold, the controller 15 leaves
the speed-adjust variable, SPEED_ADJUST, un-
changed. The controller 15 then selects a phase period
from the lookup table using the rotor speed, and subtracts
the value of the SPEED_ADJUST variable from the se-
lected phase period. The net result is a phase period,
T_PHASE, that has been adjusted by the speed-adjust
variable.

[0048] Adjustment of the phase period begins only
when the rotor speed exceeds the upper threshold,
SPEED_UPPER. Once initiated, adjustment of the
phase period continues until the rotor speed drops below
the lower threshold, SPEED_LOWER. The speed-adjust
variable, SPEED_ADJUST, acts toreduce the phase pe-
riod selected from the lookup table. As a result, less cur-
rent and thus less power is driven into the motor 3 over
each electrical half-cycle. Since less power is driven into
the motor 3, the speed of the rotor 5 or the rate of accel-
eration of the rotor 5 decreases. The controller 15 peri-
odically updates the phase period, e.g. in response to
each edge of the Z_CROSS signal. If, during each up-
date, the rotor speed continues to exceeds the upper
threshold, the speed-adjust variable is increased. As a
result, the power driven into the motor 3 is further re-
duced. If, on the other hand, the rotor speed is less than
the upper threshold but greater than the lower threshold,
the speed-adjust variable is left unchanged. As a result,
the rotor 5 quickly settles at a constant speed at or just
below the upper threshold. Finally, when the rotor speed
drops below the lower threshold (e.g. in response to an
increase in load), the phase period reverts to that select-
ed from the lookup table, i.e. no adjustment is made to
the phase period.

[0049] Operation of the speed-control scheme will now
be described, by way of example, with reference to Figure
5. In this example, the lookup table stores a phase period
of 90 ws for rotor speeds greater than or equal to 94 krpm.
The upper threshold, SPEED_UPPER, is 100 krpm, the
lower threshold, SPEED_LOWER, is 95 krpm, and the
predetermined constant, DELTA, is 0.25 ps. The initial
speed of the rotor is 94 krpm. Since this is less than the
lower threshold of 95 krpm, the speed-adjust variable,
SPEED_ADJUST, is set to zero and thus no adjustment
is made to the phase period selected from the lookup
table. At t = 20 ms, the rotor speed is 96 krpm, which
exceeds the lower threshold of 95 krpm. Since the rotor

10

15

20

25

30

35

40

45

50

55

speed is neither greater than the upper threshold of 100
krpm nor less than the lower threshold of 95 krpm, the
speed-adjust variable, SPEED_ADJUST, is unchanged
and therefore remains at zero. At t = 140 ms, the rotor
speedrisesto 101 krpm, which exceeds the upperthresh-
old of 100 krpm. The speed-adjust variable,
SPEED_ADJUST, is therefore increased by 0.25 ps.
Consequently, the phase period, T_PHASE, decreases
to 89.75 us. At t = 160 ms, the rotor speed continues to
be 101 krpm, in spite of the reduction in the phase period.
Since the rotor speed continues to exceed the upper
threshold of 100 krpm, the speed-adjust variable,
SPEED_ADJUST, is again increased by 0.25 ps. The
phase period, T_PHASE, employed by the controller is
therefore 89.5 ps. At t = 180 ms, the rotor speed drops
to 100 krpm. Since the rotor speed is neither greater than
the upper threshold of 100 krpm nor less than the lower
threshold of 95 krpm, the speed-adjust variable, and thus
the phase period, are unchanged. Att= 300 ms, the rotor
speed drops to 94 krpm. Since this is less than the lower
threshold of 95 krpm, the speed-adjust variable is set to
zero and thus the phase period, T_PHASE, reverts to 90
WS.

[0050] The speed-control scheme offers a computa-
tionally simple method of ensuring that the speed of the
motor 3 does not exceed an upper threshold for pro-
longed periods. Consequently, the speed-control routine
can be executed without adversely affecting the execu-
tion of other routines by the controller 15. Moreover, the
memory requirements of the speed-control scheme are
relatively small. In particular, four registers only are re-
quired to store SPEED LOWER, SPEED UPPER, DEL-
TA and SPEED ADJUST. By incrementally increasing
the speed-adjust variable, SPEED_ADJUST, whenever
the rotor speed exceeds the upper threshold, the speed-
control scheme is able to limit the maximum speed of
motors for which the tolerance in output power and/or
minimum load is relatively large.

[0051] An alternative solution to that provided by the
speed-control scheme would be to employ a lookup table
that takes into account the tolerance stack. The lookup
table would then store values that drive the nominal motor
at reduced output power such that the speed of a motor
at the tolerance limit does not exceed SPEED _UPPER.
A difficulty with this solution is that most motors will then
be driven at lower power and thus the full potential the
motor 3 is unrealised. The speed-control scheme, on the
other hand, is able to limit the maximum speed of the
motor whilst simultaneously maximising the output power
of the motor 3.

[0052] A further solution would be to employ a lookup
table in which the control values at speeds in excess of
the upper threshold, SPEED_UPPER, result in a signif-
icant drop in output power. So, for example, the lookup
table may store a phase period of 90 s for speeds below
SPEED_UPPER and 80 ps for speeds above
SPEED_UPPER. The difficulty with this solution is that
the speed of the motor 3 would then oscillate. In partic-
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ular, when the rotor speed exceeds SPEED_UPPER, the
phase period would decrease from 90 ps to 80 ws. This
relatively large decrease in the phase period would result
in a relatively large and sudden decrease in the output
power and thus the speed of the motor 3. When the speed
of the motor 3 drops below SPEED_UPPER, the phase
period would increase from 80 ps to 90 ps. As a result,
the output power would increase suddenly and the motor
3 would accelerate to a speed in excess of SPEED
_UPPER, at which point the phase period would again
decrease to 80 ps. The speed of the motor 3 would there-
fore oscillate around SPEED _UPPER. In contrast, with
the speed-control scheme implemented by the controller
15, the phase period is decreased by small amounts (de-
fined by DELTA) until such time as the rotor speed drops
below the upper threshold. The phase period is therefore
decreased by an amount that is particular to each motor.
Once the speed drops below the upper threshold, no fur-
ther adjustment is made to the phase period and thus
the speed of the motor 3 quickly stabilises at or just below
the upper threshold. The table illustrated in Figure 5 may
imply that the speed of the motor 3 oscillates when em-
ploying the speed-control scheme. However, this partic-
ular table has been put together simply to illustrate the
different situations that occur during speed control. In
reality, whilst the load is constant, the speed of the motor
3 will quickly stabilise at or just below the upper threshold.
[0053] The speed-control scheme described above is
used to limit the maximum speed of the motor 3. Alter-
natively, the speed-control scheme may be used to limit
the minimum speed of the motor 3. As illustrated in Figure
6, the controller 15 increases the speed-adjust variable,
SPEED_ADJUST, whenever the rotor speed is less than
the lower threshold, SPEED_LOWER. The speed-adjust
variable, SPEED_ADJUST, is then set to zero whenever
the rotor speed is greater than the upper threshold,
SPEED_UPPER!.Ifthe rotor speedis neither greater than
the upper threshold nor less than the lower threshold,
the speed-adjust variable, SPEED _ADJUST, is un-
changed. The controller 15 then indexes the lookup table
using the rotor speed to select a phase period, and adds
the value of the SPEED_ADJUST variable to the selected
phase period. The net result is a phase period,
T_PHASE, that is again adjusted by the SPEED
_ADJUST variable. This time, however, the SPEED
_ADJUST variable acts to increase the phase period se-
lected from the lookup table. As a result, more current
and thus more power is driven into the motor 3 and thus
the speed of the rotor 5 or the rate of acceleration of the
rotor 5 increases.

[0054] The speed-control scheme may be used to limit
both the minimum speed and the maximum speed of the
motor 3, as illustrated in Figure 7. In this instance, the
controller 15 increases the speed-adjust variable,
SPEED_ADJUST, whenever the rotor speed is greater
than the upperthreshold, SPEED_UPPER, and decreas-
es the speed-adjust variable whenever the rotor speed
is less than the lower threshold, SPEED_LOWER. If the
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rotor speed is neither greater than the upper threshold
nor less than the lower threshold, the controller 15 leaves
the speed-adjust variable, SPEED _ADJUST, un-
changed. The controller 15 then indexes the lookup table
using the rotor speed to select a phase period, and sub-
tracts value of the SPEED_ADJUST variable from the
selected phase. The net result is that the phase period
is decreased whenever the rotor speed is greater than
the upper threshold and increased whenever the rotor
speed is less than the lower threshold. As a result the
speed of the motor 5 is constrained between the upper
threshold and the lower threshold.

[0055] Inthe exampleillustratedin Figure7,the speed-
adjust variable is increased and decreased by the same
predetermined constant, DELTA. Conceivably, however,
the speed-adjust variable may be increased by a first
predetermined constant, DELTA_1, and decreased by a
second predetermined constant, DELTA_2. This may
then result in better control over the motor speed.
[0056] In the event of a fault, it may prove impossible
for the controller 15 to control the speed of the motor 3.
Accordingly, the controller 15 may halt excitation of the
phase winding 7 in the event that the rotor speed and/or
the speed-adjust variable exceeds or drops below a par-
ticular value. For example, in the tableillustrated in Figure
5, the controller 15 may halt excitation in the event that
the rotor speed exceeds 104 krpm or if the speed-adjust
variable exceeds 2.0 ps.

[0057] In the speed-control scheme described above,
the speed-adjust variable may be increased or de-
creased by a predetermined constant. Moreover, the val-
ue of the speed-adjust variable may be added or sub-
tracted from the control value selected from the lookup
table. Conceivably, other mathematical operators may
be employed for adjusting the control value. Forexample,
the control value selected from the lookup table may be
multiplied by the speed-adjust variable. In this instance,
the default value for the speed-adjust variable would be
one rather than zero. Accordingly, in a more general
sense, the controller 15 may be said to adjust the selected
control value using the speed-adjust variable. Although
other mathematical operators may be used, addition and
subtraction have the advantage of being computationally
simple. As a result, a relatively simple and therefore
cheap controller 15 may be used.

Claims

1. A method of controlling a brushless motor (3), the
method comprising:

storing a lookup table, the lookup table compris-
ing a control value (T_PHASE, T_CD) for each
of a plurality of speeds;

measuring a speed of the motor (3);

selecting a control value from the lookup table
using the measured speed; and
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exciting a phase winding (7) of the motor (3);
characterised in that the method comprises
periodically obtaining a speed-adjusted control
value, the speed-adjusted control value being
used to define one of a phase and a length of
excitation,

wherein obtaining the speed-adjusted control
value comprises:

increasing or decreasing a speed-adjust
variable (SPEED_ADJUST) by a predeter-
mined constant (DELTA) in the event that
the measured speed is greater than an up-
per threshold (SPEED_UPPER) or less
than a lower threshold (SPEED_LOWER);
and the method comprises

adjusting the selected control value using
the speed-adjust variable to obtain the
speed-adjusted control value.

A method as claimed in claim 1, wherein adjusting
the selected control value comprises adding the
speed-adjust variable to or subtracting the speed-
adjust variable from the selected control value.

A method as claimed in claim 1 or 2, wherein the
method comprises increasing or decreasing the
speed-adjust variable by the predetermined con-
stant in the event that the measured speed is one of
greaterthan an upperthreshold andless than alower
threshold, and setting the speed-adjust variable to
zero in the event that the measured speed is the
other of greater than an upper threshold and less
than a lower threshold.

A method as claimed in claim 1 or 2, wherein the
method comprises increasing or decreasing the
speed-adjust variable by a first predetermined con-
stantin the event that the measured speed is greater
than an upper threshold, and increasing or decreas-
ing the speed-adjust variable by a second predeter-
mined constantin the eventthatthe measured speed
is less than a lower threshold.

A method as claimed in claim 4, wherein the first and
second predetermined constants are one and the
same, and the method comprises one of increasing
and decreasing the speed-adjust variable in the
event that the measured speed is greater than the
upper threshold and the other of increasing and de-
creasing the speed-adjust variable in the event that
the measured speed s less than the lower threshold.

A method as claimed in any one of the claims 3 to
5, wherein the method comprises leaving the speed-
adjust variable unchanged in the event that the
measured speed is less than the upper threshold
and greater than the lower threshold.
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7.

A method as claimed in any one of the preceding
claims, wherein the method comprises rectifying an
alternating voltage to provide a rectified voltage, ex-
citing the phase winding with the rectified voltage,
and obtaining the speed-adjusted control value in
response to each zero-crossing of the alternating
voltage.

A control system (4) for a brushless motor (3), the
control system (4) performing a method as claimed
in any one of the preceding claims.

A motor assembly (1) comprising a brushless motor
(3) and a control system (4) as claimed in claim 8.

Patentanspriiche

1.

Verfahren zum Steuern eines biirstenlosen Motors
(3), das Verfahren umfassend:

Speichern einer Nachschlagetabelle, wobei die
Nachschlagetabelle einen Steuerwert
(T_PHASE, T_CD) fir jede eine Vielzahl von
Drehzahlen umfasst;

Messen einer Drehzahl des Motors (3);
Auswahlen eines Steuerwerts aus der Nach-
schlagetabelle unter Verwendung der gemes-
senen Drehzahl; und

Erregen einer Phasenwicklung (7) des Motors
(3)

dadurch gekennzeichnet, dass das Verfahren
umfasst, periodisch einen drehzahlangepass-
ten Steuerwert zu erlangen, wobei der drehzahl-
angepasste Steuerwert verwendet wird, eines
einer Phase und einer Lange der Erregung zu
definieren,

wobei Erlangen des drehzahlangepassten
Steuerwerts umfasst:

Erhéhen oder Verringern einer drehzahlan-
gepassten Variablen (SPEED_ADJUST)
um eine im Voraus bestimmte Konstante
(DELTA) in dem Fall, dass die gemessene
Drehzahl hdher als ein oberer Schwellen-
wert (SPEED_UPPER) oder niedriger als
ein unterer Schwellenwert
(SPEED_LOWER) ist;

und wobei das Verfahren umfasst
Anpassen des ausgewahlten Steuerwerts
unter Verwendung der drehzahlangepass-
ten Variablen, um den drehzahlangepass-
ten Steuerwert zu erlangen.

Verfahren nach Anspruch 1, wobei Anpassen des
ausgewahlten Steuerwerts umfasst, die drehzahlan-
gepasste Variable zu dem ausgewahlten Steuerwert
zu addieren oder die drehzahlangepasste Variable
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davon zu subtrahieren.

Verfahren nach Anspruch 1 oder 2, wobei das Ver-
fahren umfasst, die drehzahlangepasste Variable
um die im Voraus bestimmte Konstante in dem Fall
zu erhéhen oder zu verringern, dass die gemessene
Drehzahl eine ist, die gréRer als ein oberer Schwel-
lenwert oder niedriger als ein unterer Schwellenwert
ist, und Einstellen der drehzahlangepassten Variab-
len auf null in dem Fall, dass die gemessene Dreh-
zahl die andere ist, die groRer als ein oberer Schwel-
lenwert oder niedriger als ein unterer Schwellenwert
ist.

Verfahren nach Anspruch 1 oder 2, wobei das Ver-
fahren umfasst, die drehzahlangepasste Variable
um einen erste im Voraus bestimmte Konstante in
dem Fall zu erhéhen oder zu verringern, dass die
gemessene Drehzahl hdher als ein oberer Schwel-
lenwert ist, und die drehzahlangepasste Variable um
eine zweite im Voraus bestimmte Konstante in dem
Fall zu erh6hen oder zu verringern, dass die gemes-
sene Drehzahl niedriger als ein unterer Schwellen-
wert ist.

Verfahren nach Anspruch 4, wobei die erste und die
zweite im Voraus bestimmte Konstante eine und die-
selbe sind, und wobei das Verfahren eines von Er-
héhen und Verringern der drehzahlangepassten Va-
riablen in dem Fall, dass die gemessene Drehzahl
hoher als ein oberer Schwellenwert ist, und das an-
dere von Erhéhen und Verringern der drehzahlan-
gepassten Variablen in dem Fall, dass die gemes-
sene Drehzahl niedriger als ein unterer Schwellen-
wert ist, umfasst.

Verfahren nach einem der Anspriiche 3 bis 5, wobei
das Verfahren umfasst, die drehzahlangepasste Va-
riable in dem Fall unverandert zu lassen, dass die
gemessene Drehzahl niedriger als der obere
Schwellenwert und héher als der untere Schwellen-
wert ist.

Verfahren nach einemder vorstehenden Anspriiche,
wobei das Verfahren umfasst, eine Wechselspan-
nung gleichzurichten, um eine gleichgerichtete
Spannung bereitzustellen, die Phasenwicklung mit
der gleichgerichteten Spannung zu erregen und den
drehzahlangepassten Steuerwert als Reaktion auf
jeden Nulldurchgang der Wechselspannung zu er-
langen.

Steuersystem (4) flr einen birstenlosen Motor (3),
wobei das Steuersystem (4) ein Verfahren nach ei-
nem der vorstehenden Anspriiche durchfihrt.

Motorbaugruppe (1), umfassend einen birstenlosen
Motor (3) und ein Steuersystem (4) nach Anspruch 8.
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Revendications

1.

Procédé de commande d’'un moteur sans balai (3),
le procédé comprenant :

le stockage d’une table de consultation, la table
de consultation comprenant une valeur de com-
mande (T_PHASE_T_CD) pour chacun d'une
pluralité de régimes,

la mesure du régime du moteur (3),

la sélection d’une valeur de commande a partir
de la table de consultation en utilisant le régime
mesuré, et

I'excitation d’'un enroulement de phase (7) du
moteur (3),

caractérisé en ce que le procédé comprend la
récupération périodique d’'une valeur de com-
mande ajustée de régime, la valeur de comman-
de ajustée de régime étant utilisée pour définir
'unedelaphase etdelalongueur del'excitation,
dans lequel la récupération de la valeur de com-
mande ajustée de régime comprend :

'augmentation ou la diminution d’une varia-
ble d’ajustement de régime
(SPEED_ADJUST) d’'une constante prédé-
terminée (DELTA) dans le cas ou le régime
mesuré est plus grand qu’un seuil supérieur
(SPEED_UPPER) ou bien plus petit qu’un
seuil inférieur (SPEED_LOWER),

et le procédé comprend

I'ajustement de la valeur de commande
ajustée en utilisant la variable d’ajustement
de régime pour obtenir la valeur de com-
mande ajustée de régime.

Procédé selon la revendication 1, dans lequel I'ajus-
tementde la valeur de commande sélectionnée com-
prend I'ajout de la variable d’ajustement de régime
a la valeur de commande sélectionnée ou la sous-
traction de la variable d’ajustement de régime de cel-
le-ci.

Procédé selon la revendication 1 ou la revendication
2, le procédé comprenant 'augmentation ou la dimi-
nution de la variable d’ajustement de régime de la
constante prédéterminée dans le cas ou le régime
mesuré est 'un parmi un régime plus grand qu’un
seuil supérieur et plus petit qu’un seuil inférieur, et
le réglage de la variable d’ajustement de régime a
zéro dans le cas ou le régime mesuré est I'autre par-
mi le régime plus grand qu’un seuil supérieur et plus
petit qu’un seuil inférieur.

Procédé selon la revendication 1 ou la revendication
2, le procédé comprenant 'augmentation ou la dimi-
nution de la variable d’ajustement de régime d’'une
premiére constante prédéterminée dans le cas ou le
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régime mesuré est plus grand qu’un seuil supérieur,
et 'augmentation ou la diminution de la variable
d’ajustement de régime d’'une seconde constante
prédéterminée dans le cas ou le régime mesuré est
plus petit qu’un seuil inférieur.

Procédé selon la revendication 4, dans lequel les
premiére et seconde constantes prédéterminées
sont une seule et méme valeur et le procédé com-
prend I'un de 'augmentation et de la diminution de
la variable d’ajustement de régime dans le cas ou le
régime mesuré est plus grand que le seuil supérieur,
et 'autre de 'augmentation et de la diminution de la
variable d’ajustement de régime dans le cas ou le
régime mesuré est plus petit que le seuil inférieur.

Procédé selon I'une quelconque des revendications
3 a 5, le procédé comprenant le maintien de la va-
riable d’ajustement de régime a une valeur inchan-
gée dans le cas ou le régime mesuré est plus petit
que le seuil supérieur et plus grand que le seuil in-
férieur.

Procédé selon I'une quelconque des revendications
précédentes, le procédé comprenant le redresse-
ment d’une tension alternative pour fournir une ten-
sionredressée, I'excitation de I'enroulement de pha-
se avec la tension redressée et la récupération de
la valeur de commande ajustée de régime en répon-
se a chaque passage par zéro de la tension alterna-
tive.

Systeme de commande (4) pour un moteur sans ba-
lai (3), le systéme de commande (4) effectuant un
procédé tel que revendiqué dans I'une quelconque
des revendications précédentes.

Ensemble moteur (1) comprenant un moteur sans
balai (3) et un systéeme de commande (4) conforme
a la revendication 8.
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Control Signals

Power Switches

Inverter
DIR] | DIR2 | FW# | Q1 | Q2 | Q3 | Q4 Condition
0 0 X 0 0 0 0 Off
Drive
! 0 : : 0 0 ! Left-to-Right
Drive
° ! : 0 : ! 0 Right-to-Left
Freewheel
! 0 0 0 0 0 ! Left-to-Right
Freewheel
° ! 0 0 0 ! 0 Right-to-Left
1 1 X - - - - Ilegal
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BEGIN

SPEED > UPPER
THRESHOLD?

NO

SPEED < LOWER
THRESHOLD?

NO

SPEED_ADJUST =0

y

SPEED_ADJUST +=
DELTA

T_PHASE =
LOOKUP(SPEED) -
SPEED_ADJUST

END

Fig. 4
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Time Speed SPEED ADJUST T _PHASE
(ms) (krpm) (us) (us)
0 94 0 90
20 96 0 90
40 98 0 90
60 99 0 90
80 100 0 90
140 101 0.25 89.75
160 101 0.5 89.5
180 100 0.5 89.5
200 99 0.5 89.5
220 98 0.5 89.5
240 98 0.5 89.5
260 98 0.5 89.5
280 95 0.5 89.5
300 94 0 90
320 94 0 90

Fig. 5
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BEGIN

SPEED < LOWER
THRESHOLD?

NO

SPEED > UPPER
THRESHOLD?

NO

SPEED_ADJUST =0

y

SPEED_ADJUST +=
DELTA

T_PHASE =
LOOKUP(SPEED) +
SPEED_ADJUST

B

END

Fig. 6
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BEGIN

SPEED > UPPER

THRESHOLD?

NO

YES
SPEED < LOWER
THRESHOLD?
YES
NO
y
SPEED_ADJUST -= SPEED_ADJUST +=
DELTA DELTA
A
T_PHASE =

» LOOKUP(SPEED)- |«

SPEED_ADJUST

END

Fig. 7
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